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Flow distributions are critical determinants in the function of
hemofilters. Despite their importance, however, flow dis-
tributions cannot currently be measured in filters during
experimental or clinical applications. Here, we demonstrate
that the thermal conduction properties of extracorporeal
circuits may provide a tool to overcome this limitation. More
specifically, we show that thermography provides an indirect
approach to visualize differences in regional perfusion rates
through temperature profiles on the filter surface. Thermo-
grams were recorded using a TVS700 system (Ca. Goratec)
during recirculating in vitro hemofiltration of porcine blood.
Different test protocols were executed to characterize the
contribution of thermal conduction and convection to the
measurable changes in the temperature at the surface of the
filter housing. For comparison and validation, these experi-
ments were supplemented by computer tomography (CT) of
filters after dye injection. Thermography enabled real-time
visualization of the flow distributions in a hemofilter.
Moreover, ‘point’ trends taken from different regions of the
filter provided quantitative information about changes of
flow distributions in response to changing experimental
conditions. Our preliminary data suggest that thermography
is a promising new approach for assessing the principles and
time-related changes in flow distributions in hemofiltration.
As expected, resolution is lower than that in CT measure-
ments and further studies will be necessary to determine the
smallest temperature gradient that still identifies differences
in regional perfusion rates. Given its potential to develop into
an inexpensive tool for the ‘bedside’ level monitoring of flow
distributions during clinical studies, further investigation of
thermography is highly desirable.
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Research in the field of renal replacement therapy is focused
on characterizing biocompatibility and filtration/removal
properties of membranes used in dialyzers and hemofilters.1,2
Another aspect of major importance is the optimization of
modules with respect to their configuration, including
parameters such as fiber length and diameter, ports and
spacer yarns.1,3–5 However, these efforts are hampered by the
lack of tools to visualize directly flow distributions under
real-time conditions. Whereas methods such as nuclear
magnetic resonance,6 scintigraphic images7,8 and dye-injec-
tion-based computer tomography (CT)3–5 are tremendously
useful in optimizing filter characteristics, none of these
approaches allows continuous online measurements or real-
time assessment of flow distribution and filtration perfor-
mance during clinical applications. Therefore, mathematical
modeling still remains the most important tool for
optimization of hemofilters and dialyzers.9
The reduction of body temperature during renal
replacement therapy is a well-known aspect.10,11 This pheno-
menon and recent technical improvements in thermo-
graphy led us to hypothesize that thermal conduction by
renal replacement therapy circuit materials may be suitable
to visualize and assess flow distributions inside hemo-
filters in real time. Thus, an exploratory study was conducted
using both an in vitro circuit12–15 for thermography and
select CT measurements to compare the thermographic data
with the contrast media-indicated flow distribution in a
hemofilter.
RESULTS
Pressure values
Pressure values were constant for a Qb/Qf setting of 200/
52 ml/min (during thermography: arterial pressure (Pa)
80 mmHg, venous pressure (Pv) 8 mmHg, pressure inside
the filtrate compartment (Pf) 19 mmHg, transmembrane
pressure (TMP) 55 mmHg; during CT examinations: Pa
85 mmHg, Pv 5 mmHg, Pf 10 mmHg, TMP 50 mmHg).
Rinsing of the filter at the end of protocols revealed neither
blocked fiber bundles nor clots inside the in- or outflow
port.
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Thermography
Investigations of the blood compartment. Images obtained
for test Ia (Figure 1b), thought to reflect mainly the
contribution of blood flow to the temperature signature at
the filter surface, indicated an inhomogeneous double-peak
pattern. This temperature profile is assumed to arise mainly
from thermal conduction that occurred from hollow fibers
via the filtrate compartment to the material of the module
housing.
Similarly, test Ib (Figure 1c) also revealed a double-peak
pattern. In this case, however, inhomogeneity of surface
temperatures was much more pronounced than those for test
Ia (Figures 1b and 2a for quantitative readout) and a shift of
the profile to the left side of the filter was observed (Figure
1c) when the chosen positioning of the filter is such that the
filtration outlet nozzles are on the right side. Nonetheless,
qualitatively, the results of tests Ia and Ib supported each
other by showing double-peak patterns in the temperature
profiles. In addition, CT imaging (Figure 1c) based on dye
injection (performed analogous to test Ib) also revealed a
double-peak pattern for the blood flow distribution. More-
over, the density profiles seen in the CT images showed the
same left shift (with filtration outlet nozzles on the right side)
that was observed in the temperature signatures, and clearly
indicated changes of regional patterns of flow velocities in the
upper part of the filter (black dotted line in Figure 1c). CT
images revealed that the more ‘central’ peak of contrast
density (and in turn blood flow) was split into two smaller
peaks (left CT image: small lower black line, right CT image:
small upper black line), whose spacing was too narrow to be
identified by thermography. Thus, the resolution obtained by
thermography was lower than that of CT scanning. However,
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Figure 1 | Protocols for investigations of the flow distributions in the blood compartment. The time needed from start of a maneuver to
the time when profiles reached the filter area of interest (middle third of the filter) is given in seconds. Letters (A, B, C) refer to locations on the
filter surface – identical in all images – for which readouts of ‘point trends’ were obtained (see Figures 2a, b and 3c). (a) Schematically shows the
principle of the in vitro system and defines symbols used to encode the maneuver performed to generate each of the figures. (b) A longitudinal
front view during ‘warm blood reperfusion’ of the filter after a stop of blood and filtration pump for 5 min. Schematic black lines: double-peak
patterns of temperature profiles assumed to indicate the blood flow distribution in the blood compartment; schematic black dotted line:
leading edge of the flow distribution; black and white dotted line  1: area for which temperature and densitometric profiles are shown in
Figure 3a and b. (c) Longitudinal front view record during cold bolus injection into the arterial bloodline. Schematic black dotted line: leading
edge of the changes in temperature profile; CT measurements: black and white pictures. (d) Surface temperature of the blood inflow port only
one part of each (1 inflow, 1 outflow) (upper pictures, 15 and 30 s) and the outflow port only one part of each (1 inflow, 1 outflow) (lower
pictures 120 and 140 s) during cold bolus injection to the arterial bloodline.
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the general shape of the flow distributions in CT and the
thermographic temperature patterns obtained for the blood
compartment were in agreement with each other. Thus, a
correlation between surface temperature profiles and flow
distributions was found.
Thermograms of the in- and outflow ports (tests Ic, Id)
provided additional data along a cross-section (Figure 1d,
point trends Figure 3c). The color code for the blood inflow
port indicates the following events in chronological order:
red¼ steady state with warm blood; blue¼ cooling after
administering cold NaCl bolus; yellow to orange¼ heat
exchange, rewarming the housing material, is still in progress
after resuming flow of warm blood. Chronological coloring
for the blood outflow port is as follows: red¼ steady state
with warm blood; orange to yellow¼ cooling after adminis-
tration of cold bolus; blue¼ time when coldest blood/NaCl
mixture reached the blood outflow port and induced
maximal cooldown of the housing material. Notably, changes
in surface temperature at the ports mirrored the inhomoge-
neous flow distribution both spatially and temporally because
a bipartite temperature signature with different temporal
changes within the two halves of the filter was observed at the
ports. This observation confirms the left shift of flow velocity
seen in longitudinal views of thermography and CT.
Investigations of the filtrate compartment. Experiments
were carried out to isolate the influence of forced filtrate flux
on surface temperature patterns. Results for the ‘stop and go’
maneuver to visualize filtrate flux (test IIa, Figure 2b) clearly
differed from results of test Ia (‘stop and go’ of blood pump,
Figure 1b and point trends Figure 2a, upper panel).
Specifically, resuming filtrate flux caused cooler filtrate to
be exchanged for warm filtrate. The accompanying, forced
heat convection resulted in a faster increase in surface
temperature than was observed during reperfusion/heat
conduction from the blood compartment (test Ia, Figure
1b) alone. Particularly, the temporal evolution of the
temperature signature around profile point C indicated a
higher perfusion rate and/or net filtrate flux in this area.
Images obtained for cold bolus injection into the filtrate
compartment (test IIb) also indicated the area around profile
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Figure 2 | Tests performed to investigate temperature profiles arising from flow distribution inside the filtrate compartment and
readouts associated with Figure 1b and c. (a) Representative readouts for ‘point’ trends associated with images of Figure 1b and c; profile
readout locations on the filter surface, marked by letters A B C, were kept constant during different experiments. (b) Thermograms for test IIa
including the point trend readout. (c) Cold bolus injection into the filtrate compartment (test IIb); schematic white line: double-peak pattern
induced by the fluid distribution in the filtrate compartment; schematic black line: double-peak pattern found for the blood compartment
(Figure 1). (d) CT measurements of forced filtrate flux analogous to test IIb.
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point C as an area of faster rewarming and, in turn, higher
perfusion and/or filtration rate (Figure 2c). It is important to
point out that the temperature pattern seen in the filtrate
compartment is influenced by two parameters: (1) the flow
distribution of the bolus injection, given by the membranes
and geometry of the filtrate compartment (as described for
dialyzers3) and (2) the forced net filtrate flux, which results
in a ‘thermal’ dilution of cold bolus in thermography or
a reduction of dye-density in CT measurements. Notably,
both thermography and CT scan (Figure 2d, dye injection
performed equivalent to test IIb) indicated an inversed
double-peak profile for both the temperature profiles and the
bolus distribution in the filtrate compartment when com-
pared to the double-peak pattern seen in the case of bolus
injection to the blood compartment.
Mutually confirming each other, all measurements and
analyses pointed to the same area of fastest increase in
temperature/contrast density, and thus highest perfusion
and/or filtration rate. Moreover, CT measurements indepen-
dently established a correlation between the surface patterns
of temperature profiles observed by thermography with the
flow distribution in the filter compartments as tested by the
various test protocols.
Semiquantitative comparison and analysis of reproducibili-
ty. In general, thermography results in a delayed generation
of the indirect temperature signal thought to correlate with
the flow distribution. Therefore, and in contrast to CT
investigations, flow velocities could not be calculated from
thermograms. Moreover, comparison of densitometric data
of CT measurements and the temperature profiles obtained
by thermography (shown in Figure 3a and b) indicated that
thermograms apparently underestimated regional differences
in the actual perfusion rates. However, one has to take into
account that the densitometric analysis of the CT scan is
representative for a single slice entered at the middle of the
hemofilter. In contrast, surface thermograms of the hemo-
filter are a resultant of the overall flow distribution and
physical properties of the filter materials. Thus, differences
found for the range from the average value of the signal
(density or temperature, see table below Figure 3a and b)
cannot be directly compared. Nevertheless, repeated mea-
surements for test Ic (Figure 1d) established that thermo-
graphic surface temperature profiles are very reproducible
(see Figure 3c, point trends and numeric presentation in the
table below), suggesting that these profiles have significant
diagnostic potential despite their time delay and lower
resolution when compared to CT measurements.
DISCUSSION
Recently, Du¨ngen et al.16 demonstrated the difficulties
associated with extrapolating results from experimental to
clinical hemofiltration. This disparity is not surprising as it is
well known that the experimental design for research on
membranes and filters is quite often unrelated to the modes
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of operation that are encountered during clinical applica-
tions.4,5,14 Therefore, it would be important to provide a
single method that allows visualization of flow distribution
under all study conditions from in vitro to clinical
application. As shown here, thermography systems could
meet this demand because of a filter perfusion-related
development of surface temperature profiles. In particular,
the sensitivity and resolution of the TVS700 system allowed
the detection of clear temperature profiles. Moreover, real-
time records made during the investigation allow ‘point’
trends and horizontal temperature profiles to be easily
generated at any time and for any filter position. However,
resolution of thermography is not as high as that of CT
measurements, causing finely spaced irregularities in flow
distributions to go unnoticed. Moreover, thermography does
not directly generate three-dimensional information about
flow distributions because it only visualizes a projection of
superimposing effects onto the filter surface. As a conse-
quence, thermography cannot be used to determine the flow
velocities that occur in the different filter sections, nor does
thermography provide direct information about flow profiles
and distribution in a physical/engineering sense. Nonetheless,
CT scans demonstrated a high correlation between the
pattern of real-flow distribution and the temperature pattern
measured at the filter surface by thermography.
Although our study was limited to observing only a single
filter surface for each test protocol, modeling of three-
dimensional temperature gradients throughout the filter may
be accomplishable by combining the information from
longitudinal front views from at least three positions (1201
angles) and the blood ports. Such modeling of three-
dimensional temperature profiles would be most valuable
to identify irregularities of flow distribution caused by cell
aggregation/membrane clogging, which we reported to be a
major reason for increasing maldistribution of blood flow in
hemofilters.12,13,17 In these cases, real-time assessment of flow
distribution is of high interest during clinical application to
determine when a filter needs to be changed before extensive
activation of cells, mediator and coagulation cascades.17
Thermography provides a resolution high enough to reveal
increasing membrane clogging/clotting and therefore seems
ideal to close an important diagnostic loophole. Although
currently expensive at the time of purchase, operation of
thermography does not lead to further costs, and in contrast
to CT and nuclear magnetic resonance, it may be used at a
bedside level for clinical routine and also for research.
However, maldistribution of the blood flow was increased
in our initial experiments because of the large volumes
(50 ml) used to test filter performance by cold bolus
injection. Consequently, this test has its own intrinsic effects
on rheology, spontaneous convection and conduction.
Therefore, further comparisons of CT and/or nuclear
magnetic resonance measurements with thermograms are
necessary for the final validation of this novel approach.
Particularly, the smallest temperature gradient that can still
be used for reliable identification of maldistribution in a
hemofilter needs to be determined in order to be able to
reduce the volume of cold bolus injection. Taken together,
even if measurements of regional flow velocities inside the
hollow fibers or the overall filter module are beyond what
thermography can accomplish, this method appears to be
a most promising technique to become the first bedside
method for online measurement with real-time assessment of
principles in flow patterns and filtration performance in
hemofilters during clinical studies.
MATERIALS AND METHODS
Thermography
For real-time thermography, a TVS700-camera system and
the software ‘ThermographyStudio’ from Ca. Goratec (Erding,
Germany) were used.
Renal replacement therapy in vitro circuit
Blood. Porcine blood was collected from pigs under general
anesthesia (German Landrace/Large White; female, 35–37 kg body
weight). Blood was sampled in standard bags for blood storage
(Optipac, Baxter Fenwal, France) and kept at 41C for 5–14 days.
Anticoagulation was performed using 5 IU heparin/ml.
Hemofilter and pumps. Using a clinically proven apheresis
unit (AK10, Gambro, Germany), a recirculating in vitro circuit was
assembled (Figure 1a) according to the whole blood in vitro system
described previously.12–15 The specifications for the hemofilter
(type: only for experimental use) were as follows – membrane:
polyacrylonitrile, surface: 1.8 m2; effective length 18 cm; housing
material: acrylonitrile styrene copolymer and polycarbonate; Ca.
Asahi. After rinsing the system with 4 l of normal saline (0.9%
NaCl), blood priming was performed in single-pass mode. The same
filter was used for both thermography and CT measurements to
allow direct correlation of the data. When the thermography
protocol was finished, the filter was rinsed with 10 l of sterile normal
saline ensuring a visually clear effluent. The filter was kept at room
temperature under light exclusion until reuse and after priming the
filter with normal saline that contained an in vitro dosage of
antibiotics proven to be effective in maintaining sterile conditions
and membrane functionality in hollow fiber bioreactors (penicillin
100 IU/ml and streptomycin 100 mg/ml).18 Another 10 l of normal
saline was used to extensively rinse the filter again just before
priming for a second time with blood for CT measurement. Blood
priming was performed in single-pass mode and the system was
operated with blood flow and filtration rates similar to the first
experiments. As similar pressure levels were found during regular
recirculating hemofiltration, the protocol was continued for the CT
investigations.
Pressure parameters (Pa, Pv, and TMP) were monitored using the
electronic transducers of the AK10. Additional control transducers
(Transpac, Abbott GmbH, Wiesbaden, Germany) and a multi-
channel recorder (model S 66, Hewlett Packard, Bad Homburg,
Germany) were used to measure and to document the average Pf.
Thermography records the conduction of heat loads through
surfaces. Therefore, changes in the surface temperature of the filter
housing represent a convoluted overall picture, integrating conduc-
tion from the blood compartment, and thermal convection of the
filtrate. To obtain first insights into how these parameters contribute
to temperature changes at the filter surface, we employed six
different test protocols for thermography and compared their results
with those obtained from two protocols used for CT measurements.
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The latter were carried out under conditions comparable to those
previously described by others4,5 (see also Figure 1a and pictograms
beside the thermography and CT images Figures 1 and 2).
Test Ia. To isolate the effect of blood flow on the temperature
profile on the filter surface, pumps were subjected to a ‘stop and go’
maneuver. Specifically, both pumps were stopped to allow a decrease
in temperature of fluids inside the filter. After 5 min, the blood
pump was restarted at a flow rate (Qb) of 200 ml/min while the
filtrate pump was left shut (Qf 0 ml/min). In this case, longitudinal
front views were recorded. This test served as an independent
measure to characterize the contribution of the blood flow to
changes in surface temperature.
Test Ib. A cold bolus injection was performed to create a
temperature gradient that would enhance the resolution of
temperature signals. This test was performed to evaluate its
suitability for a potential bedside mode. Blood was continuously
recirculated while the filtrate pump was stopped (Qb/Qf 200/0 ml/
min). After the surface temperature stabilized, a bolus injection with
50 ml of cold NaCl (41C) was made into the arterial bloodline
(distance to the blood inflow port of the filter was 200 mm).
Changes in the temperature profiles were captured in longitudinal
front view records of the filters.
Test Ic. The filter was rotated by 901 to allow records from the
blood inflow port. Test Ib was repeated but with a smaller bolus
volume of 10 ml. This decrease in volume was motivated by the fast
changes of temperature patterns at the blood inflow port because of
direct contact of the fluid with the housing material of the port.
Test Id. Following test Ic, the filter was rotated by another 1801
to allow recording of the blood outflow port. Otherwise, the test was
performed identical to test Ib.
Test IIa. Whereas tests Ia–Id targeted the contribution of
the blood compartment to the surface temperature, a ‘stop and go’
maneuver for the filtrate pump was carried out to isolate the effects
of thermal convection, which mostly stems from forced filtrate flux.
Blood was continuously recirculated. At some point, the filtrate
pump was stopped. After a clear decrease in surface temperature,
filtration rate was resumed at Qf 52 ml/min.
Test IIb. The system was set up for continuous recirculation/
filtration (Qb/Qf 200/52 ml/min) and a cold bolus injection (50 ml)
was performed at the lower filtrate port (200 mm distance to the
port). This test protocol generates superimposing effects (e.g.
thermal convection and conduction of cold solution, warm filtrate
flux and heat conduction from the blood compartment).
In all cases, the fluctuations in surface temperature along the
filter and at the blood ports served as readout and representative
examples are shown in Figures 1b, 2a, b and 3a, c.
Computer tomography
The CT experiments were performed on a CT Lightspeed (General
Electrics Healthcare, Milwaukee, WI, USA) (16 detector system)
using the following settings: slice thickness 10 mm (longitudinal
layer at the level of blood ports), voltage 80 kV, rotation time 1 s,
matrix 512 512 pixel; convolution kernal was standard. Test
protocols analogous to test Ib and test IIb were carried out to
visualize flow distributions during experiments thought to isolate
effects of thermal conduction and convection. Consequently, cold
bolus injections of 50 ml, using cold contrast media (Ultravis 370,
Ca. Schering, Germany) and cold NaCl (1:4), were performed to
assure that conditions used for dye injection during CT were
equivalent to the thermographic measurements. Dye injection was
performed to either the blood compartment (analogous to test Ib in
thermography) or the filtrate compartment (analogous to test IIb).
For visual comparison, density profiles were marked schematically
and superimposed onto the thermography images.
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